Cyclin-dependent kinase 5 (Cdk5) is a proline-directed serine/threonine kinase predominantly active in the nervous system where it regulates several processes such as neuronal migration, cytoskeletal dynamics, axonal guidance, and neurotransmission. We constructed a position specific scoring matrix (PSSM) based on a dataset of sites shown to be phosphorylated both in vivo and in vitro by Cdk5. This dataset was curated manually through an exhaustive search of published experimental data. We then used this PSSM to perform a search in the mouse proteome through Scansite, a web-based tool for matching sequence patterns in large databases. Considering a stringent cut-off score of 0.5, we identified 354 new putative sites present in 291 proteins. In order to assess the robustness of our results, ten random subsets (of 80 sites each) of the original dataset were used to construct new PSSMs, which were then used as input for a new Scansite search, leading to the recovery of 81% of the 354 sites by at least 5 PSSMs. In order to reduce the number of false positives in our sequence-based approach, we evaluated which of these predicted sites were phosphorylated in vivo as determined by multiple phosphoproteomics studies carried out through mass spectrometry and available in the PhosphoSitePlus database. This step resulted in a very promising list of 132 putative phosphorylation sites for Cdk5, of which, 51 are specifically phosphorylated in brain tissue, and some are involved in functions regulated by Cdk5 such as axonal growth, synaptic plasticity and neurotransmission. Other phosphorylation sites in our list suggest that Cdk5 might regulate processes through mechanisms not previously recognized such as the control of mRNA splicing.
Introduction
Cdk5 is an atypical member of the Cdk family, as its activity is regulated through the binding of two non-cyclin activators which are present in postmitotic neurons, namely p35 (Cdk5Rr1) and p39 (Cdk5r2). Additionally, Cdk5 is not directly involved in cell cycle regulation, but controls multiple aspects of neuronal function such as axonal elongation, neuronal migration and synaptic transmission [1] . Recently it has been shown that Cdk5 participates in other physiological functions that occur outside of the nervous system (reviewed in [2, 3] ).
Cdks are among the most promiscuous kinases, being able to phosphorylate hundreds of substrate proteins [4] . In fact, a global analysis of yeast has found that Cdk1 can phosphorylate between 181 and 308 target proteins [5, 6] . Kinase diversity and pathway overlap precludes the conduction of global studies in the higher eukarya proteomes, where the search for new kinase-specific substrates has been mainly performed through computational methods. Such strategies present many disadvantages, mainly the large proportion of false positives in the results obtained. Until now, only one bioinformatic study has been reported to predict phosphorylation sites for a Cdk in the yeast proteome [7] . Moreover and to our knowledge few studies have succeeded in experimentally verifying computationally predicted sites [8] [9] [10] .
In this work, we performed the first systematic computational search for putative phosphorylation sites for a Cdk family member (Cdk5) in a mammalian proteome (Mus musculus). One of the main pitfalls for the bioinformatic determination of novel kinase-specific phosphorylation sites at a proteome-wide scale is the selection of an appropriate classification method to distinguish between true and false substrates. Currently the most widely accepted methods to achieve this task are position-specific scoring matrices (PSSMs) [11] , hidden markov models (HMMs) [12] , artificial neural networks (ANNs) [13] and support vector machines (SVMs) [14] .
PSSMs are a relatively simple method, which have been successfully used for the prediction of novel phosphorylation sites in proteomewide studies [11, 15] . PSSMs adequately consider the modular nature of the kinase-substrate interactions, where the catalytic domain of the kinase establishes direct contact with a linear motif of the substrate. Such a modular characteristic explains the tendency of kinases to phosphorylate a particular sequence motif, which in the case of Cdk5 is a serine (Ser) or threonine (Thr) followed by a proline (Pro) residue. As bona fide phosphorylation sites in a proteome are estimated to be less than 10% of all potentially phosphorylated residues, even at a low false positive rate, the expected number of false positive candidates precludes experimental validation [16] .
Considering these limitations, we developed a strategy that considers a protein as a good candidate to be phosphorylated by Cdk5 if the predicted site derived from our bioinformatic analyses has been actually identified as phosphorylated in vivo in studies using mass spectrometry. Phosphoproteomic studies describe tens of thousands of in vivo phosphorylated sites; however, most of those sites are still orphan for the kinase responsible for this modification. As phosphoproteomics studies increase in number, size and depth, we approach a point at which all the phosphorylated sites in a proteome will be known [17] , allowing a significant increase in the reliability of database-wide studies. In this paper we used the sequences known to be phosphorylated by Cdk5 to predict new sites modified by this kinase. These putative sites were then evaluated for their in vivo phosphorylation status, in order to improve the reliability of the prediction of new substrates for Cdk5 phosphorylation in the mouse proteome.
Results and discussion

Characterization of known substrates of Cdk5
Table S1 lists the known substrates for Cdk5 and their respective phosphorylation sites as derived from published records (see Methods). Sequence analysis reveals that only 49% of the substrates contain the canonical consensus motif, (Ser/Thr)-Pro-X-(Arg/Lys/His). There is high prevalence of suboptimal motifs containing only the minimal (Ser/Thr)-Pro dipeptide motif which is not exclusive for Cdk5 substrates since previous studies have shown a similar behavior for Cdk1 and Cdk2 substrates, where 39-67% of the phosphorylation sites match only to the minimal proline-directed consensus motif [18, 19] . Therefore, large representation of non-consensus motifs makes it especially difficult to predict phosphorylation sites for these kinases. To overcome this, we focused our effort on developing a PSSM (Table 1) , which provides a better description of the phosphorylation sites, including sequences distant from the consensus motif. PSSMs have been previously implemented for the search of novel substrates for Cdc28 (Cdk1) in yeast [7] , where the construction of the PSSM was based on kinetic data from in vitro phosphorylation of a peptide library. Unlike this reported approach, our PSSM was based only on sites shown to be directly and physiologically phosphorylated by Cdk5, which may increase the accuracy of prediction, since the selectivity of protein kinases in vivo is higher than in vitro [20] .
In addition to the sequence motifs found in substrates, other features have been implemented to improve the reliability of the phosphorylation site descriptor. Most commonly used are the structural disorder degree [21] and the clustering of phosphorylation sites in protein sequences [22] . We evaluated the collected dataset of known Cdk5 phosphorylation sites with a disorder prediction tool, showing that the majority of the sites (76%) were located in areas of structural disorder (PrDOS score > 0.5, Fig. 1) . However, the analysis of the unphosphorylated (Ser/Thr)-Pro motifs showed the same distribution, indicating a general preference for enrichment of the (Ser/Thr)-Pro dipeptide in areas of intrinsic structural disorder (Fig. 1, red curve) . Therefore, in the analyses of Cdk5 phosphorylated sites, structural disorder lacks a predictive value.
PSSM performance
In order to test the Cdk5 phosphorylation site prediction capacity of our PSSM, we used Scansite to evaluate all Ser and Thr residues in the proteins derived from our bibliographic search (Table S1 ). Based on our PSSM, Scansite calculated a single numerical value for each 15-residue long sequence centered on a proline preceded by a Ser or Thr. Lower values reflect a better match to the Cdk5 PSSM. Within the Cdk5-phosphorylated proteins, we considered as false positives, all those predicted sites which had not been experimentally shown to be phosphorylated by this kinase, with the exception of those located in transmembrane or extracellular segments of membrane proteins (according to the Swiss-Prot topological annotations as "Extracellular" or "Transmembrane"), which were discarded. This is exemplified by the data collected for the amyloid precursor protein (APP), where Cdk5-dependent phosphorylation has been shown to occur at Thr668 [23] . In addition to the correct identification of this site, our PSSM-mediated analysis predicted one additional site (Thr306) positioned at the extracellular domain, which therefore was not considered as a false positive. Fig. 2A shows the distribution of true positives, true negatives, false positives and false negatives as a function of the Scansite score. The PSSM identified 92.7% of the sites as true positives, but was unable to discriminate properly between these sites and the false positives, especially at higher score values. Table 1 Amino acid preferences of Cdk5 around the phosphorylation site. In green are highlighted scores that show significant enrichment (log (score) ≥2) and in red those exhibiting depletion (log (score) ≥-2). However, choosing a lower threshold score decreased the number of false positives. Therefore we set up 0.5 as the threshold value, with a false positive percentage of 1%, which is the point where the number of false positives starts to increase exponentially. The compromise between sensitivity and specificity of a classifier is commonly represented by a receiver operating characteristic (ROC) curve (Fig. 2B ). The area under our ROC curve (AUC) is a measure of the probability of correctly classifying a Cdk5-phosphorylated residue. In our case, the estimated AUC is 0.7545, indicating a good performance of our predictions.
Amino acids
Database search
We then used our Cdk5 PSSM to perform a search of the mouse proteome at the Scansite website, producing 400 sites with a lower score than 0.5 (Table S2 ). These 400 sites were present in 332 proteins, representing 2% of the total proteins in the database. Twenty of these sites had been previously described as Cdk5 substrates. Although this represents a low retrieving rate, our strategy clearly outperforms several previously published methods including NetPhosK [24] , GPS [25] and Scansite in a search for Cdk5-dependent phosphorylation sites in the whole mouse proteome (Fig. 3) . This is surprising, because NetPhosK and GPS are significantly more sophisticated methods for kinasespecific phosphorylated site prediction. The main pitfall of PSSMs is that they are unable to detect patterns in which combinations of amino acids are relevant. In this line, it was recently found that interpositional dependence on substrate sequence was minimal for various kinases, including one member of the Cdk family (Cdk1) [26] , indicating that PSSMs can provide good representations of the phosphorylation sites. Four of the predicted sites are present in Cdk5 substrates but have yet to be reported as phosphorylated by this kinase; therefore, we considered them as false positives. Additionally, 22 of the predicted sites were topologically inaccessible to Cdk5, because they are located in transmembrane or extracellular segments of membrane proteins. Therefore, our search identified 354 sites present in 291 proteins, as new putative phosphorylation sites for Cdk5. To examine the robustness of the new predicted sites, ten different PSSMs were created out of 80 random sites from the in vivo and in vitro positive dataset to scrutinize the same mouse database using Scansite. This search recovered 286 of the original 354 new putative sites (81%), with each predicted site being present in at least 5 of these shuffled PSSMs (Table S4) . Additionally, 60 of these sites were found between the 400 best results for Cdk5 in a search of the mouse proteome by NetPhosK (Table S4) , a kinase-specific predictor based on ANNs, which is trained with a different dataset and uses a nine-residue window around the phosphorylation site (unlike the 15 employed in the construction of our PSSM).
Using the PhosphoSitePlus database, we checked whether the 354 new putative sites were actually phosphorylated in vivo. Of these, only 130 sites (in 108 proteins) have been reported to be phosphorylated in vivo in high-throughput studies (Table S3 ). These sites represent the most likely candidates to be phosphorylated by Cdk5 in the mouse proteome. Considering that brain tissue displays high Cdk5 activity, we summarized our results on the putative novel Cdk5- Comparative performance of different methods for finding Cdk5-phosphorylated sites in the mouse proteome. The performance of a search in the mouse proteome using our custom Cdk5 PSSM in retrieving known Cdk5-dependent phosphorylation sites (Table S1 ) was compared with the performance of three previously implemented methods for searching kinase-specific phosphorylation sites: Scansite (with the default Cdk5 PSSM), NetPhosK (with a cut-off score of 0.5) and GPS. Our strategy identified a greater percentage of known phosphorylation sites (90%) and assigned to them a comparatively better ranking in the overall results than previously implemented methods. dependent phosphorylated sites detected by published mass spectrometry studies carried out using brain tissue ( Table 2 ).
Proteins involved in mRNA processing and splicing
Amongst the putative substrates of Cdk5 identified here, we found proteins that participate in the processing and splicing of mRNA. Although there is no substantial evidence for a role of Cdk5 in these processes, an inhibitory role for Cdk5 in the incorporation of exon 10 in the microtubule associated protein tau has been described [27] . Tau exon 10 splicing is controlled by several proteins, including the serine/arginine-rich splicing factor 1 (Srsf1) (also called ASF/SF2) whose activity is repressed by a Dyrk1a-mediated phosphorylation of three residues (Ser227, Ser234 and Ser238) [28] . Interestingly, two of these sites in ASF/SF2 are identified by our PSSM as candidates for Cdk5 phosphorylation (see Table 2 ), thus presenting a likely explanation of the role of Cdk5 in the splicing of tau exon 10.
Proteins involved in neurotransmission
The presynaptic nerve terminal, the main site for neurotransmitter release, is a complex cytomatrix where synaptic vesicle traffic occurs in a continuous cycle of exocytosis, endocytosis and recycling, along with continuous mobilization between various internal vesicles pools [29] . Cdk5 is known to be an active player at presynaptic terminals, as reflected by the multiple targets that localize to this compartment (Fig. 4, red stars) . We predict that two of the major scaffold proteins present at the presynaptic cytomatrix, Piccolo (Pclo) and Bassoon (Bsn) could be novel targets for Cdk5 (Fig. 4, orange stars) . Additionally, our data suggests that phosphatidylinositol (PI)-4 kinase type IIα (PI4KIIα) (Pi4k2a) could also be a likely substrate. Interestingly, PI4KIIα in conjunction with other known Cdk5 targets such as synaptojanin 1 (Synj1) (Fig. 4, red stars) and PI(4) phosphate 5 kinase type I (PIPKI)-γ (Pip5k1c) (Fig. 4, red  stars) , regulates PI metabolism at presynaptic terminals (Fig. 4) .
Cdk5 acts as a potent suppressor of neurotransmitter release, as its inhibition unlocks the reserve synaptic vesicle pool and accelerates exocytosis kinetics, although the mechanisms involved in this phenomenon remain unknown [30] . Interestingly Piccolo, like Cdk5, is a negative regulator of synaptic vesicle exocytosis, and acts by reducing vesicle translocation from the resting pool to the active zone [31] . Our predicted phosphorylation site on Piccolo (Ser4562) is located between the PDZ domain (residues 4391-4506) and an atypical Ca 2+ -binding domain (C 2 A, residues 4588-4730). The PDZ domain acts as a docking site for Epac2 (Rapgef4), which mediates cAMP-induced exocytosis [32] , whereas the low calcium-affinity C 2 A domain could act as a presynaptic calcium sensor that mediates the response to repetitive stimulation [33] . Potentially, Cdk5-mediated phosphorylation of Piccolo could regulate the exocytosis events controlled by these two second messengers.
On the other hand, the putative phosphorylation site identified in Bassoon (Ser1497) is located between three adjacent binding sites for the dynein light chains 1 and 2 (DLC1 and DLC2, encoded by Dynll1 and Dynll2) found at residues 1433-1437, 1509-1513 and 1535-1539, respectively. The binding of DLCs to Bassoon is involved in retrograde transport of synaptic components in the axons [34] , and could be dependent on Cdk5 dependent modulation. Interestingly, the C. elegans Cdk5 homolog inhibits dynein-dependent retrograde trafficking of presynaptic components [35] .
The synaptic vesicle cycle is coordinated with a phosphoinositide cycle that regulates several lipid-protein interactions at the presynaptic terminal. The initial stage for this process is the phosphorylation of PIto PI-4 phosphate mediated by PI-4 kinases, which in synaptic vesicles is mediated by PI4KIIα [36] . Interestingly, the predicted Cdk5 sensitive site (Ser51) is located adjacent to the di-leucine motif ( 56 ERQPLL 61 ) that allows PI4KIIα association with the adapter protein (AP)-3, a sorting receptor that might be relevant to the PI4KIIα targeting of synaptic vesicles [37] .
Proteins involved in dendritic spine remodeling
In addition to its role at the presynaptic terminal, Cdk5 also phosphorylates key substrates at the post-synaptic compartment (Fig. 4) . Our analysis suggests new targets that could contribute to the known activities of Cdk5 in the formation and remodeling of dendritic spines, such as TANC proteins and paralemmin-1 (Fig. 4) . We identified putative phosphorylation sites in both TANC1 (Ser445) and TANC2 (Ser1480). TANCs are adapter proteins which can bind PSD-95 (Dlg), and that have been proposed to present redundant roles in the maturation of dendritic spines [38] . Likewise, we also identified a putative phosphorylation site in paralemmin-1 (Palm) (Ser116), a lipid-anchored phosphoprotein located at the cytoplasmic face of membranes which plays an essential role in filopodia formation and dendritic spine maturation [39] .
Proteins involved axon development
Several lines of evidence show that Cdk5 is involved in axon development. Amongst the many proteins regulating this process are CTP:phosphocholine cytidylyltransferases (CTTs), key regulatory enzymes for phosphatidylcholine (PC) synthesis. The CTT-B (Pcyt1b) isoform is particularly enriched in brain, where it appears to be responsible for PC synthesis in the distal segment of axons [40] . Accordingly, CTT-B is essential for axonal growth and branching [41] . CTT-B has been shown to be a substrate for Cdk5 phosphorylation both in vivo and in vitro [41] . Nevertheless the exact phosphorylation site has not been previously reported. Here we identify a putative phosphorylation site located at Ser323, at the C-terminal region. The phosphorylation of this domain has been shown to regulate the association of CTTs with the membrane compartment [42] .
The Krüppel type Zinc Finger transcription factor B-cell lymphome (Bcl)-11a/COUP-TP interacting protein (CTIP)-1 is another putative target of Cdk5, which has been shown to participate in the regulation of neuronal morphology. Although the molecular mechanism remains to be clarified, Bcl11a negatively regulates axonal growth and branching through transcriptional regulation of the microtubule-associated Regulatory factor of cohesion complex that maintains sister chromatid linkage until anaphase. Highly expressing in postmitotic neurons. TBC1 domain family member 13
Tbc1d13 S184(a) May act as a GAP for Rab GTPases. protein (MAP)-1B and the netrin-1 receptor Deleted in Colorectal Carcinoma (DCC) [43] . Interestingly, the predicted phosphorylation site (Ser332) in CTIP-1 is contained at a SIRT1 binding interface (residues 194-378). SIRT1 is a histone deacetylase shown to be essential for Bcl11a-mediated transcriptional repression [44] .
Conclusions
We report a novel strategy for proteome-wide identification of previously unreported Cdk5 substrates. Through the comprehensive analysis of the available published data on Cdk5 substrates and their phosphorylation sites, we developed a computational approach that uses a PSSM based search which was complemented with the biological information available from multiple studies identifying phosphorylation sites by mass spectrometry. This allowed us to generate a ranked list of highly likely potential substrates of Cdk5 which can now be subjected to further experimental verification. The highly stringent filtering criteria used results in a high number of false negatives, but permitted the specificity to be maximized. Our strategy presented here may be adapted to identify substrates for other kinases, considering that the only constraint is the availability of enough information (known phosphorylation sites) in order to generate a reliable PSSM.
Methods
Dataset
A comprehensive search was performed of the PubMed database using the keywords "Cdk5" and "Cyclin-dependent kinase 5". The search yielded 166 experimentally characterized phosphorylation sites in 99 different proteins from 1212 research articles published online before Sept. 30, 2011. The primary sequences for each protein were extracted from the Swiss-Prot database. The dataset was divided into three subgroups according to the experimental determination of the phosphorylation site, accordingly "in vivo", "in vitro" and "in vivo and in vitro". Although the entire dataset was used to performance tests (ROC curve, Retrieve percentage), a subset of only 96 sites was used for the construction of the PSSM. This corresponds to the dataset named "in vivo and in vitro" with the exception of cellular tumor antigen p53 (Ser15), which does not correspond to a minimum consensus sequence of Cdk5.
Construction of a scansite-suitable PSSM and proteome search
96 phosphorylation sites which are physiologically and unambiguously phosphorylated by Cdk5 (in vivo and in vitro dataset) were aligned and the apparition frequency (%) of each of 20 amino acids was determined within a fifteen-residue window (eight residues upstream and six residues downstream of the phosphorylation site, Pro). The frequency was normalized to the mean background frequency for each amino-acid in the Swiss-Prot databases of Mus musculus, Homo sapiens and Rattus norvegicus. Thus, the value "1" indicates that an amino acid appearing in a position does so in the same percentage as this amino acid is represented in the proteome. Values lower than 1 indicate that this amino acid is less represented at this position than what would be expected and values above 1 indicate a higher frequency than expected of the amino acid in this position. Values were incorporated into a matrix of 15 rows (positions, with the amino acid Pro fixed in the central position) and 20 columns (amino acids). The developed matrix was incorporated in the option "Database Search> Search using an input motif" of Scansite (scansite.mit.edu) [45] . The search was performed with high-stringency on the Swiss-prot database of Mus musculus.
Prediction of protein disorder
The open access server PrDOS (http://prdos.hgc.jp) [46] was used to predict disordered regions in known substrates of Cdk5 from their amino acid sequence. The analysis considered the template-based prediction option and a false positive rate of 5% which equates to a true positive rate of 65%, according to the ROC curve for the predictor. The server returns a score between 0.5 and 1 if the amino acid is found to be in disordered regions.
Additional tools
The Pfam database (pfam.sanger.ac.uk) [47] was consulted in order to define the domain architecture of different proteins. Clustal Omega [48] was used to perform multiple alignments and determine residue homology between proteins of different species. PhosphositePlus (www.phosphosite.org) [49] , which collects most of the phosphorylation sites identified by mass spectrometry studies, was used to determine whether a site is known to be phosphorylated in vivo or not. Only studies using mouse cells or tissues were considered. Additional prediction on Cdk5 substrates was performed using NetPhosK (http://www.cbs.dtu. dk/services/NetPhosK/) [24] and GPS (http://gps.biocuckoo.org/) [25] .
Supplementary data to this article can be found online at http:// dx.doi.org/10.1016/j.ygeno.2013.01.003.
